Two kinds of Bi 0.4 Sb 1.6 Te 3 powder with different particle and grain sizes were fabricated by high-energy ball milling. Powder mixtures with varied weight ratios were consolidated by vacuum hot pressing (HP) to produce nano/ microstructured composites of identical chemical composition. From measurements of the Seebeck coefficient, electrical resistivity, and thermal conductivity of these composites, a figure of merit (ZT) value of up to 1.19 was achieved at 373 K for the sample containing 40% nanograin powder. This ZT value is higher than that of monolithic nanostructured Bi 0.4 Sb 1.6 Te 3 . It is further noted that the ZT value of this sample in the temperature range of 450 K to 575 K is in the range of 0.7 to 1.1. Such ZT characteristics are suitable for power generation applications as no other material with a similar high ZT value in this temperature range has been observed until now. The achieved high ZT value can probably be attributed to the unique nano/ microstructure, in which the dispersed nanograin powder increases the number of phonon scattering sites, which in turn results in a decrease of the thermal conductivity while simultaneously increasing the electrical conductivity, owing to the existence of the microsized powder that can provide a fast carrier transportation network. These results indicate that the nano/microstructured Bi 0.4 Sb 1.6 Te 3 alloy can serve as a high-performance material for application in thermoelectric devices.
INTRODUCTION
Over the past 30 years, alloys based on Bi 2 Te 3 have been extensively studied and optimized for use as thermoelectric (TE) materials. The efficiency of a TE material is often characterized by its corresponding figure of merit, ZT. ZT is a dimensionless parameter which is conventionally defined as
where ZT is the figure of merit, T is the absolute temperature, a is the Seebeck coefficient, r is the electrical conductivity, and j is the total thermal conductivity with contributions from the lattice (j L ) and the charge carriers (j e ). The larger the ZT value, the higher the energy conversion efficiency of a TE material. Among bismuth-telluride-based materials, the ZT value of Bi 0.4 Sb 1.6 Te 3 alloy in the high temperature region is larger than that of Bi 2 Te 3 alloy. This implies that Bi 0.4 Sb 1.6 Te 3 alloy has great potential to serve as a high-performance material for power generation applications. Improving the ZT value of Bi 0.4 Sb 1.6 Te 3 at high temperature is therefore of particular interest. Several groups have prepared nanocomposite Bi 0.4 Sb 1.6 Te 3 bulk samples by using ball milling and the hot pressing or spark plasma sintering method. [2] [3] [4] [5] [6] A peak ZT value of 0.9 at 450 K was obtained by combining ball milling and spark plasma sintering. 3 An efficient TE material should have large Seebeck coefficient, high electrical conductivity, and low thermal conductivity. However, it is difficult to satisfy these criteria in single-crystalline bulk materials, as all three quantities (a, r, and j) that govern ZT are interrelated and modification of any of these quantities often adversely affects the others. Therefore, classes of good TE materials are relatively rare. Recently, there have been a number of attempts to increase the ZT value of TE materials. [7] [8] [9] One of the effective ways is to reduce the lattice thermal conductivity by refining the grain size on the basis of incorporating extra phonon scattering sites inside grain-boundary regions. However, decrease in the lattice thermal conductivity based on a finer grain size structure also leads to a decrease in the electrical conductivity and, as a result, the enhancement of ZT is limited. Recently, several mechanically alloyed Bi 2 Te 3 powders with various coarse/fine particle size ratios were consolidated into bulk form by spark plasma sintering. 10 Significant enhancement of the ZT value at room temperature was observed in case of an optimized fine/coarse volume ratio of 6:4. Thus far, little work has been conducted on enhancement of the ZT value for Bi-Sb-Te materials by using powder mixtures with different particle and grain sizes. In the present work, we selected Bi 0.4 Sb 1.6 Te 3 as the base alloy. Nano/microstructured p-type Bi 0.4 Sb 1.6 Te 3 alloys were fabricated by combining mechanical alloying and hot pressing. The influence of the weight percentage of nanograin powder on the microstructures and thermoelectric properties of the sintered Bi 0.4 Sb 1.6 Te 3 bulk specimens was investigated. The results reveal that it is possible to enhance the ZT value by optimal addition of Bi 0.4 Sb 1.6 Te 3 nanograin powder.
EXPERIMENTAL PROCEDURES
Two kinds of Bi 0.4 Sb 1.6 Te 3 powder were prepared in this study by using a high-energy shaker ball mill located inside an Ar-purified and Ar-filled glovebox, in which the oxygen and moisture contents were maintained at less than 1 ppm. To produce Bi 0. 4 Table I summarizes the sample compositions and vacuum hot-pressing parameters of the Bi 0.4 Sb 1.6 Te 3 composite powders. The crystal structure of as-milled and hot-pressed samples were examined by x-ray diffraction (XRD) using a Siemens D-5000 XRD diffractometer with monochromatic Cu K a radiation. Fractographs of hot-pressed samples were observed by scanning electron microscopy (SEM, S-4700; Hitachi).
The thermoelectric properties were measured along the hot-pressing direction. The Seebeck coefficient and electrical resistivity of the hot-pressed samples were investigated using a ZEM-3 instrument (Ulvac-Riko, Japan). The thermal conductivity was calculated from the thermal diffusivity measured by the laser flash method (LFA 447, Netzsch), the specific heat, and the density of the hot-pressed body.
RESULTS AND DISCUSSION
XRD experiments were carried out to determine the structure of the Bi 0.4 Sb 1.6 Te 3 powders prepared from different starting materials, and the results Table I , and the corresponding XRD patterns are included in Fig. 2 . It is noticed that all reflections can be attributed to the (Bi,Sb) 2 Te 3 phase. However, compared with the as-milled composite powders, the peaks of the samples after consolidation are narrower due to strain relaxation and grain growth occurring in the nanostructured powders. Figure 3 shows the outer morphology and a crosssectional view of a Bi 0.4 Sb 1.6 Te 3 -40N disc after vacuum hot pressing at 573 K and pressure of 0.7 GPa for 1 h. No significant pores were observed in the cross-sectional view (Fig. 3b) Fig. 4 , the SEM micrographs indicate the coexistence of two types of particles, namely larger ones with size of over 50 lm with a flaky surface and achievement of such a low thermal conductivity may originate from the unique nano/microstructure shown in Fig. 4 . The introduction of 40 wt.% nanograin powder can significantly contribute to the formation of additional grain boundaries and interfaces, thereby resulting in effective scattering of long-wave phonons. Based on this mechanism, the lowest thermal conductivity was obtained. The variation of ZT as a function of temperature for the nano/microstructured Bi 0.4 Sb 1.6 Te 3 bulk specimens is shown in Fig. 7 . For Bi 0.4 Sb 1.6 Te 3 -40N, the highest ZT value in the entire temperature range is obtained, benefiting from the high power factor and low thermal conductivity. The ZT value is 1.07 at 308 K and increases with increasing temperature, reaching its maximum value of 1.19 at 400 K, and then decreases to 0.7 with further increase of the temperature up to 575 K. Compared with the Bi 0.4 Sb 1.6 Te 3 -10N and monolithic nanostructured Bi 0.4 Sb 1.6 Te 3 samples, the ZT value of the Bi 0.4 Sb 1.6 Te 3 -40N sample in the temperature range of 300 K to 450 K is enhanced by a factor of two to three by the introduction of 40 wt.% nanograin powder.
The dispersed nanograin powder in the nano/microstructured thermoelectric composite materials is designed to create extra grain-boundary areas which can increase phonon scattering and result in a decrease of the thermal conductivity. On the other hand, the existence of the microsized powder can provide a fast carrier transportation network which can increase the electrical conductivity. 10 Therefore, the strongest enhancement of the ZT value is expected in the case of an optimal nano/microstructured powder ratio in the TE composite material. Figures 6 and 7 also display the TE properties of a nano/microstructured Bi 0.4 Sb 1.6 Te 3 bulk specimen, reported by Li et al. 11 The sample was likewise obtained by hot pressing of powders prepared (Fig. 6b) along with a lower thermal conductivity (Fig. 6d) , probably due to an optimal distribution of microsized and nanostructured particles. Therefore, the measured ZT value of our Bi 0.4 Sb 1.6 Te 3 -40N sample in the temperature range of 300 K to 500 K is higher than that of the samples reported in Ref. 11 . It is also noticed that the difference of the ZT values increases with temperature in this temperature range, with the maximum difference reaching a factor of three at high temperatures. Using ball milling and the hot pressing or spark plasma sintering method, several groups have prepared nanocomposite Bi 0.4 Sb 1.6 Te 3 bulk samples. [2] [3] [4] [5] [6] The thermoelectric properties and the preparation methods are summarized in Table II. The ZT values of consolidated Bi 0.4 Sb 1.6 Te 3 alloys are shown in Fig. 8 as a function of temperature, including the results of our present work for comparison. It is worth noting that the ZT values of our Bi 0.4 Sb 1.6 Te 3 -40N sample in the temperature range of 450 K to 575 K are 0.7 to 1.1 with an average value of 0.89. Compared with other works, our ZT values in the high-temperature region are higher than those of most other samples. The Bi-Sb-Te alloys are categorized as low-temperature TE materials whose utilization at temperatures higher than 450 K is limited due to their low TE performance. A good ZT value at high temperature is very important for power generation applications. Considering that there are no alternative Bi-Sb-Te materials with a similar high ZT value in this temperature range, the presently obtained ZT characteristics indicate that nano/microstructured Bi 0.4 Sb 1.6 Te 3 bulk samples containing 40 wt.% nanograin particles have great potential to serve as a high-performance material for application in thermoelectric devices in the temperature range of 450 K to 575 K.
CONCLUSIONS
In this study, two kinds of Bi 0.4 Sb 1.6 Te 3 powder with different particle and grain sizes were fabricated by a high-energy ball milling process. Powder mixtures at different weight ratios were consolidated by vacuum hot pressing to produce nano/microstructured bulk composite samples of identical chemical composition. No significant pores were observed in hot-pressed samples, which indicates that dense nano/microstructured Bi 0.4 Sb 1.6 Te 3 bulk composite samples can be successfully fabricated by the combination of high-energy ball milling and vacuum hot pressing. A substantial difference in TE performance was observed for nano/microstructured Bi 0.4 Sb 1.6 Te 3 with different nanograin powder ratios. From the measurements of the Seebeck coefficient, electrical resistivity, and thermal conductivity, a ZT value of up to 1.19 was achieved at 373 K for the sample containing 40% nanograin powder. The achieved high ZT value is attributed to the unique nano/microstructure, which can simultaneously improve the electrical performance and suppress the thermal conductivity effectively. As a result, this nano/microstructured Bi 0.4 Sb 1.6 Te 3 alloy holds great promise for use as a high-performance material for application in thermoelectric devices. The results also demonstrate the possibility of enhancing the ZT value of Bi 0.4 Sb 1.6 Te 3 by introducing nonuniform microstructures, even without changing the chemical composition.
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